Xie R, Manis PB. Glycinergic synaptic transmission in the cochlear nucleus of mice with normal hearing and age-related hearing loss. J Neurophysiol 110: 1848 -1859, 2013. First published July 31, 2013; doi:10.1152/jn.00151.2013.-The principal inhibitory neurotransmitter in the mammalian cochlear nucleus (CN) is glycine. During age-related hearing loss (AHL), glycinergic inhibition becomes weaker in CN. However, it is unclear what aspects of glycinergic transmission are responsible for weaker inhibition with AHL. We examined glycinergic transmission onto bushy cells of the anteroventral CN in normal-hearing CBA/CaJ mice and in DBA/2J mice, a strain that exhibits an early onset AHL. Glycinergic synaptic transmission was examined in brain slices of mice at 10 -15 postnatal days old, 20 -35 days old, and at 6 -7 mo old. Spontaneous inhibitory postsynaptic current (sIPSC) event frequency and amplitude were the same among all three ages in both strains of mice. However, the amplitudes of IPSCs evoked (eIPSC) from stimulating the dorsal CN were smaller, and the failure rate was higher, with increasing age due to decreased quantal content in both mouse strains, independent of hearing status. The coefficient of variation of the eIPSC amplitude also increased with age. The decay time constant () of sIPSCs and eIPSCs were constant in CBA/CaJ mice at all ages, but were significantly slower in DBA/2J mice at postnatal days 20 -35, following the onset of AHL, and not at earlier or later ages. Our results suggest that glycinergic inhibition at the synapses onto bushy cells becomes weaker and less reliable with age through changes in release. However, the hearing loss in DBA/2J mice is accompanied by a transiently enhanced inhibition, which could disrupt the balance of excitation and inhibition. glycinergic inhibition; presbycusis; quantal content; ventral cochlear nucleus; bushy cells GLYCINE IS THE PRIMARY INHIBITORY neurotransmitter in the mammalian cochlear nucleus (CN). Glycinergic inhibition has been shown to shape the neural processing of sound in CN neurons (Gai and Carney 2008) , and to decrease in strength in aging models with hearing loss (Caspary et al. 2005; Wang et al. 2009 Wang et al. , 2011 . In the dorsal CN (DCN), the decrease in the strength of glycinergic inhibition, possibly in response to a loss of excitatory sensory input, has been proposed to be a consequence of both age and environmentally induced hearing impairments (Caspary et al. 2005 (Caspary et al. , 2008 Frisina and Walton 2006) . However, how glycinergic transmission changes at the synaptic level during aging and in response to changes in sensory input remains unclear.
GLYCINE IS THE PRIMARY INHIBITORY neurotransmitter in the mammalian cochlear nucleus (CN). Glycinergic inhibition has been
shown to shape the neural processing of sound in CN neurons (Gai and Carney 2008) , and to decrease in strength in aging models with hearing loss (Caspary et al. 2005; Wang et al. 2009 Wang et al. , 2011 . In the dorsal CN (DCN), the decrease in the strength of glycinergic inhibition, possibly in response to a loss of excitatory sensory input, has been proposed to be a consequence of both age and environmentally induced hearing impairments (Caspary et al. 2005 (Caspary et al. , 2008 Frisina and Walton 2006) . However, how glycinergic transmission changes at the synaptic level during aging and in response to changes in sensory input remains unclear.
As one of the principal cells in the anterior ventral CN (AVCN), bushy cells receive direct input from the auditory nerve via endbulb synapses (reviewed in Manis et al. 2011) . Bushy cells play roles in encoding the fine temporal structure of sound, which is used in the discrimination of vowels and amplitude modulated sounds (Blackburn and Sachs 1990; Rhode and Greenberg 1994) . While the excitatory input to bushy cells from the auditory nerve has been well studied (Cao and Oertel 2010; Manis et al. 2011; Oleskevich and Walmsley 2002; Wang and Manis 2008; Yang and Xu-Friedman 2008) , less is known about glycinergic inhibition. These glycinergic synapses arise from D-stellate cells within AVCN (Arnott et al. 2004; Smith and Rhode 1989) , as well as tuberculoventral (TBV) cells in the DCN (Saint Marie et al. 1991; Wickesberg and Oertel 1990) . Functionally, the glycinergic synapses are poised to provide tonic inhibition that can increase the temporal precision of spikes in bushy cells (Kuenzel et al. 2011; Xie and Manis 2013) . The ability to make distinctions among sounds on the basis of temporal cues can be compromised in people with age-related hearing loss (AHL), especially in noisy acoustic environments (Anderson et al. 2012; Cobb et al. 1993; Lorenzi et al. 2006; Tremblay et al. 2003) . In addition to the loss of auditory information associated with damage and an age-related decline in peripheral hearing capabilities, agerelated changes in central synaptic transmission and excitability can also affect signal processing and ultimately auditory perception. Since bushy cells play critical roles in central auditory processing related to temporal cues, their response to hearing loss and aging is of special interest in understanding the mechanisms of perceptual decline in the aging auditory system.
Widespread anatomical and neurochemical changes in the CN are known to accompany AHL. Both excitatory and inhibitory synapses show decreases in terminal size with age (Helfert et al. 2003) , tissue glutamate and glycine levels decline with age (Banay-Schwartz et al. 1989a , 1989b , and glycine receptor mRNA for ␣ 1 -and ␤-subunits falls, while mRNA for ␣ 2 -subunits increases (Krenning et al. 1998 ). However, much less is known about the effects of AHL on synaptic transmission in the CN. We previously assessed the changes of excitatory synaptic transmission onto bushy cells, comparing CBA/ CaJ and DBA/2J mice (Wang and Manis 2005) . CBA/CaJ mice have normal and stable hearing thresholds throughout most of their life (Henry and Chole 1980) . DBA/2J mice carry at least three recessive alleles that contribute to the progression of an early onset high-frequency AHL (Erway et al. 1993; Zheng et al. 1999 ) that starts at about 3 wk of age. Excitatory synaptic transmission from the auditory nerve onto bushy cells is normal in CBA/CaJ mice up to at least 65 days of age (Wang and Manis 2005) . In contrast, although excitatory transmission at the endbulb synapses in DBA/2J mice is normal at 3-4 wk of age, the spontaneous excitatory postsynaptic current (sEPSC) frequency is lower, the EPSC decay is slower, and both the peak synaptic conductance and evoked release probability decrease by 6 -9 wk of age. To maintain a balance between excitation and inhibition (Sun et al. 2010) , the decreases in excitation in DBA/2J mice, as assessed by sEPSC frequency and amplitude, might be predicted to be accompanied by parallel decreases in inhibition.
In the present study, we compared glycinergic transmission onto bushy cells in normal-hearing CBA/CaJ mice and agematched cohorts of DBA/2J mice with AHL, from postnatal day 10 (P10) to 7 mo old. We observed no change in the spontaneous inhibitory postsynaptic current (sIPSC) frequency or amplitude. However, the amplitude of evoked IPSCs (eIPSCs) decreased, and the release failure rate increased with age, indicating a reduction in quantal content. The coefficient of variation (CV) of the eIPSC amplitude also increased with age in both mouse strains. Surprisingly, in DBA/2J mice at P20 -35, immediately following the onset of early AHL, glycinergic inhibition is enhanced as a result of a slower IPSC decay and an increased charge transfer during sustained activity.
MATERIALS AND METHODS
All experiments were performed under the guidelines of protocols approved by the Institutional Animal Care and Use Committee at the University of North Carolina at Chapel Hill.
Animals. Two strains of mice, CBA/CaJ and DBA/2J, were obtained from Jackson Laboratories (Bar Harbor, ME) and maintained in colonies at the University of North Carolina. Mice of either sex were used for recordings. The mice were studied in three age groups: P10 -15, P20 -35, and 6 -7 mo. Auditory brain stem response. For auditory brain stem response (ABR) testing, mice were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg). Tone pips with cosine 2 rise-fall times of 2.5 ms, generated in MATLAB (version 2007 , were attenuated with Tucker-Davis Technologies (Alachua, FL) PA5 programmable attenuators and presented to the ear through an EC-1 speaker in a closed system. Tone pips [4 -48 kHz, 10 -70 dB sound pressure level (SPL)] were repeated 800 times at a repetition rate of 40 Hz. Tone-evoked potentials were recorded differentially between the vertex (negative) and mastoid (positive), referenced to the rump, amplified 10,000ϫ, and filtered between 100 and 3,000 Hz with a Grass-Telefactor (West Warwick, RI) P511-J amplifier, digitized with a Tucker-Davis Technologies RP2.1 real-time processor, and averaged in MATLAB. ABR threshold was determined as the lowest tone intensity that evoked a visually detectable ABR response. Thresholds were averaged from determinations by three independent, blinded, observers.
Brain slice preparation. Brain slices were prepared as previously described (Wang and Manis 2008; Xie and Manis 2013) . Briefly, mice were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg), and decapitated, and the brain stem was removed and immersed into artificial cerebrospinal fluid (ACSF) at 34°C and gassed with 5% CO 2 and 95% O 2 . The ACSF contained the following (in mM): 122 NaCl, 3 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 20 glucose, 3 myo-inositol, 2 sodium pyruvate, 0.4 ascorbic acid, 2.5 CaCl 2 , and 1.5 MgSO 4 . Parasagittal brain slices containing CN (350 m thick) were cut to include all three regions of CN (AVCN, PVCN, and DCN).
Slices were then bathed in ACSF at 34°C for at least 30 min before being transferred to the recording chamber. During recording, slices were submerged in a continuous flow of ACSF (ϳ3 ml/min) at 34°C. Cells were visualized with ϫ40 water immersion objective on a fixed-stage microscope (FS2, Zeiss, Germany). Cell images were acquired with a charge-coupled device camera (Retiga 2000DC, QImaging, Vancouver, BC) .
Electrophysiological recordings. Whole cell patch-clamp techniques were used to record synaptic currents. Recording pipettes were pulled using borosilicate glass (KG-33; King Precision Glass, Claremont, CA) on a Sutter P2000 puller (Sutter Instruments, San Francisco, CA). The pipettes were then backfilled with an internal solution containing the following (in mM): 105 CsMetSO 3 , 35 CsCl, 5 EGTA, 10 HEPES, 4 MgATP, 0.3 Tris-GTP, 10 Tris-phosphocreatine, and 3 QX-314 (chloride salt), pH adjusted to 7.2 with CsOH. Voltage and current were measured using a Multiclamp 700B amplifier, with series resistance compensated over 75% online. The amplifier and dataacquisition sequences were controlled by custom-written program in MATLAB. With an estimated Cl equilibrium potential of Ϫ31 mV, cells were voltage-clamped at Ϫ70 mV to increase the amplitude and signal-to-noise ratio of eIPSCs and sIPSCs. Voltages in this paper are not corrected for the liquid junction potential, which is calculated to be Ϫ7 mV. Fifty micromolar D-2-amino-5-phosphonopentanoic acid (D-APV) and 5 M 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) were used to block all excitatory transmission. Ten micromolar SR95531 were also used in 23 out of 50 cells in CBA mice and 19 out of 57 cells in DBA mice to block GABAergic transmission, including all of the cells in the P10 -15 age group to minimize the possible influence of GABAergic inhibition during development. No statistically significant difference was found in IPSC weighted decay , eIPSC PPR, eIPSC failure rate, or amplitude between cells recorded without or with SR95531 in the bath, consistent with our previous observations that GABAergic inhibition is weak or absent when stimulating glycinergic pathways onto bushy cells in the CN (Xie and Manis 2013) . All chemicals were purchased from Sigma-Aldrich, except for CNQX, D-APV, and SR95531, which were purchased from Tocris Bioscience (Bristol, UK).
Glycinergic synaptic currents were elicited by electrical stimulation of the deep layer of the DCN with a 75-m-diameter concentric electrode (FHC, Bowdoin, ME). The distance between the stimulating electrode and the recording site at the AVCN was 400 to 500 m and was kept consistent between different brain slices, although it slightly varied depend on the physical size of the brain slice. Slices from younger animals had smaller CN, and therefore the distance was 300 -400 m. This stimulation activates the TBV cells that provide glycinergic inputs to the AVCN, but may also antidromically activate D-stellate cells whose local collaterals in the AVCN may also contribute to synaptic currents. The electrical stimulation consisted of a 100-s current pulse, adjusted to 1.1-1.4 times the threshold to produce a synaptic response. In some experiments, trains of stimuli were also used. This stimulus intensity was chosen because it generated stable IPSCs, but was not so high as to potentially damage the slice during long stimulus trains. The amplitude of current used for stimulation was 59 Ϯ 5 A in P10 -15 mice (n ϭ 18), 86 Ϯ 8 A in P20 -35 mice (n ϭ 36), and 102 Ϯ 11 A in 6-to 7-mo-old mice (n ϭ 24). The stimulus current level used increased with age (KruskalWallis test, P ϭ 0.017). Posttests revealed a significant difference (P Ͻ 0.05) between P10 -15 and 6-to 7-mo-old groups, but no difference between P10 -15 or the 6-to 7-mo-old group and the P20 -35 group.
Cell identification. All recordings reported in this paper were from bushy cells in the high-frequency area of the AVCN. A fluorescent dye, 0.1% Alexa Fluor 488 (Molecular Probes, Eugene, OR), was included in the internal solution to visualize cell morphology. Bushy cells were identified by having one or two short primary dendrites with heavily branched distal tufts (Cant and Data analysis. sIPSCs were detected and analyzed using the scaledtemplate method (Clements and Bekkers 1997) . The decay values were determined from fits of the average sIPSC to a double exponential function in Igor Pro (version 6.02; Wavemetrics, Portland, OR). The weighted decay of the IPSC was estimated as: weighted ϭ fast ϫ A fast ϩ slow ϫ A slow , where A fast and A slow are the normalized amplitudes of the fast and slow components, and A fast ϩ A slow ϭ 1.
All eIPSC measurements were made with custom-written functions in Igor Pro. Quantal content (m) of the glycinergic synapse was estimated using two different methods as described by Del Castillo and Katz (1954) . 1) In the amplitude method, m can be estimated from the average amplitude of eIPSCs divided by the mean amplitude of sIPSCs in individual cells: m ϭ mean amplitude of eIPSCs/mean amplitude of sIPSCs. 2) In the method of failures, m can be estimated by counting the number of stimulus trials that failed to evoke an eIPSC response, assuming that the release of quanta follows a Poisson distribution and that m is small. In this case, quantal content was estimated as m ϭ ln (total number of stimulus trials/number of failed eIPSCs). In this study, eIPSCs occurred in an all-or-none manner. Minimal eIPSCs were easily detected because they were Ͼ20 pA in peak amplitude, which was well above the typical recording noise level of 10 pA or less. Release failures could be easily identified (see Fig. 4F , inset) and were determined by visual inspection. The CV of the eIPSCs was calculated as the standard deviation of the eIPSC amplitude (including failures) divided by the mean.
Statistical analysis. Statistical analyses were performed using Prism (version 5.01; GraphPad Software, San Diego, CA). First, measurements were compared among three age groups within either CBA/CaJ or DBA/2J mice to assess the effects of age on inhibitory transmission in each strain. When data were normally distributed, a parametric one-way ANOVA followed by Tukey multiple-comparison posttests was used to detect differences between the age groups. When data were not normally distributed, a nonparametric ANOVA (Kruskal-Wallis test) was used and followed by Dunn's multiplecomparison posttest. Second, data were compared between CBA/CaJ and DBA/2J strains with two-way ANOVAs to analyze the contribution of strain, age, and the interaction between strain and age on inhibitory transmission. Bonferroni-corrected posttests were also performed. Data were presented as mean Ϯ standard error of the mean (SEM) throughout the paper.
RESULTS
CBA/CaJ mice have normal ABR thresholds through 7 mo of age, while DBA/2J mice develop early onset AHL. We evaluated the hearing status of both CBA/CaJ and DBA/2J mouse strains by measuring ABR thresholds to tones at different frequencies. As shown in Fig. 1 , the ABR tone thresholds in CBA/CaJ mice did not change with age from 2 days after the onset of hearing (the onset of hearing is at ϳP14 in mice; see Ehret 1976) , up to 7 mo of age. A two-way ANOVA showed no significant effect of age [F (2,54) ϭ 2.43, P ϭ 0.099] or interaction between age and frequency [F (8,54) ϭ 1.14, P ϭ 0.355] on ABR thresholds. ABR thresholds varied significantly as a function of frequency [F (4,54) ϭ 10.39, P Ͻ 0.0001]. In DBA/2J mice, ABR thresholds revealed an early onset hearing loss, which began at high frequencies and progressively included lower frequencies as the animals grew older. By 7 mo of age, the ABR thresholds of DBA/2J mice for frequencies from 4 to 48 kHz were greater than 70 dB SPL. Thus, in contrast to CBA mice, a two-way ANOVA of ABR thresholds in DBA/2J mice showed significant effect of age [F (3,77) ϭ 239.3, P Ͻ 0.0001], frequency [F (4,77) ϭ 77.92, P Ͻ 0.0001], and an interaction between age and frequency [F (12,77) ϭ 38.20, P Ͻ 0.0001]. A comparison between CBA/CaJ and DBA/2J mice showed significant differences in the ABR thresholds as early as P16, the earliest time that ABR thresholds were measured, and at that age DBA/2J mice started to show elevated ABR thresholds at the highest frequencies ( Fig.  1 ). At this age, a two-way ANOVA between CBA/CaJ and DBA/2J mice revealed significant effect of strain [F (1,27) ϭ 16.21, P ϭ 0.0004], frequency [F (4,27) ϭ 14.38, P Ͻ 0.0001] and the interaction between strain and frequency [F (4,27) ϭ 4.39, P ϭ 0.0073]. Specifically, Bonferroni-corrected posttests showed that the ABR thresholds of P16 DBA/2J mice were significantly higher than that of P16 CBA/CaJ mice at 48 kHz (P Ͻ 0.001). There were no differences in other frequencies (P Ͼ 0.05). These results are consistent with other studies showing that CBA/CaJ mice have normal ABR thresholds throughout most of their life, while DBA/2J mice develop an early onset AHL (Zheng et al. 1999) .
Age-related changes in sIPSCs in bushy cells of CBA/CaJ and DBA/2J mice. To separate the effect of the genetic hearing loss from that of age, we compared both sIPSCs and eIPSCs in CBA/CaJ mice with those in DBA/2J mice. Since the effects of the hearing loss in DBA/2J mice are progressive and start at the higher frequencies, we focused on recording from bushy cells in the dorsal, high-frequency region of the AVCN. Details of the data and statistical analysis are presented in Table 1 .
In normal hearing CBA/CaJ mice, spontaneously occurring glycinergic IPSCs onto bushy cells did not change amplitude or shape with age (Table 1, Fig. 2 ). The decay phase of the averaged sIPSC for each cell was best fit with a doubleexponential function (Xie and Manis 2013) . Among the three age groups of CBA/CaJ mice, there was no significant difference in the fast or slow component of the decay of sIPSCs, or in the calculated weighted decay of sIPSCs ( Fig. 2C ) (see Table 1 for details; one-way ANOVA: P Ͼ 0.05 for all comparisons). We also did not find any significant age-related change in sIPSC half-width (Fig. 2D ), 20 -80% rise time ( Tone frequency (kHz)
Fig. 1. Auditory brain stem response (ABR) thresholds in CBA/CaJ and DBA/2J mice at 3 ages. While CBA/CaJ mice have little threshold shift up to an age of 7 mo, DBA/2J mice show a hearing loss that starts at high frequencies and progresses to lower frequencies as the mice age. Thresholds Ͼ70 dB sound pressure level (SPL) are indicated as 70 dB SPL due to limitations of the speaker used to deliver the test sounds. The number of mice tested in each group is indicated in parentheses in the legend. P16 and P21, postnatal days 16 and 21, respectively; 7m and 2m, 7 and 2 mo of age, respectively. 2E), frequency ( Fig. 2F ), or average sIPSC amplitude ( Fig. 2G ) ( Table 1 ; one-way ANOVA: P Ͼ 0.05 for all comparisons). These results suggest that inhibition at the glycinergic synapses onto bushy cells is essentially adult-like by the onset of hearing (ϳP14) in CBA/CaJ mice. The DBA/2J mice, however, showed an unexpected agedependent change in sIPSC time course, even though the sIPSC frequency and peak amplitude did not change. As shown in Fig. 2B , sIPSCs recorded from bushy cells in DBA/2J mice at P20 -35 decay much more slowly than sIPSCs from either the younger or older age groups. The weighted decay of sIPSCs showed a significant difference among three age groups [one-way ANOVA: F (2,54) ϭ 5.13, P ϭ 0.0092], with the slowest decay at P20 -35 (Tukey posttest showed P Ͻ 0.01 between P20 -35 and 6-to 7-mo age groups, while P Ͼ 0.05 between P10 -15 and P20 -35, as well as between P10 -15 and 6-to 7-mo groups). The fast and slow components of the decay were also significantly different among three age groups (Table 1 ; one-way ANOVA: P Ͻ 0.05 for the fast-decay and P Ͻ 0.01 for the slow-decay component; posttests showed P Ͻ 0.05 for the fast-decay component and P Ͻ 0.01 for the slow-decay component between P20 -35 group and 6-to 7-mo group, while P Ͼ 0.05 for all other comparisons among three DBA/2J groups). There was no significant age-dependent difference in DBA/2J mice in the amplitude of either fast or slow decay component of the sIPSCs (Table 1 ), suggesting that the change in weighted sIPSC decay is not due to changes in the relative strength of the fast vs. slow component, i.e., both the fast and slow components of the sIPSCs in P20 -35 group are slower than in other age groups. Not surprisingly, the half-width of the sIPSC events was also significantly changed [ Fig. 2D , Table 1 ; one-way ANOVA: F (2,54) ϭ 4.00, P ϭ 0.024; Tukey posttest revealed a significant difference (P Ͻ 0.05) between DBA/2J P20 -35 and 6-to 7-mo groups, P Ͼ 0.05 for all other comparisons]. sIPSC rise time (Fig. 2E ), event frequency (Fig. 2F) , and amplitude ( Fig. 2G) did not show an age-dependent change in DBA/2J mice (Table 1; one-way ANOVA: P Ͼ 0.05 for all comparisons).
The age-dependent changes in sIPSC kinetics are markedly different between CBA/CaJ and DBA/2J mice. To compare the kinetics directly, a two-way ANOVA analysis on both CBA/ CaJ and DBA/2J mice with all three age groups showed a significant effect of strain [F (1,101) ϭ 16.9, P Ͻ 0.0001] on sIPSC-weighted decay (Fig. 2C) , with slower sIPSC decay values in DBA/2J mice. The effect of age was not significant [F (2,101) ϭ 2.99, P ϭ 0.055], but there was a significant interactive effect between strain and age [F (2,101) ϭ 3.38, P ϭ 0.038]. As can be predicted from the analysis above, DBA/2J mice showed significantly slower sIPSC decay than CBA/CaJ mice at P20 -35 (Bonferroni-corrected posttest: P Ͻ 0.001), but not at P10 -15 or 6 -7 mo (Bonferroni-corrected posttest: P Ͼ 0.05). A similar pattern was seen in the sIPSC half-widths as shown in Fig. 2D . A two-way ANOVA revealed a significant effect of strain [F (1,101) ϭ 17.43, P Ͻ 0.0001] and an interaction between strain and age [F (2,101) ϭ 3.14, P ϭ 0.048], but no effect of age [F (2,101) ϭ 1.405, P ϭ 0.251]. Bonferronicorrected posttests supported a significant difference (P Ͻ 0.001) between half-widths in CBA/CaJ and DBA/2J mice at P20 -35, but not at other ages. The onset of hearing loss in DBA/2J mice starts before the 3rd wk of life ( Fig. 1) and immediately precedes the age at which sIPSCs with slow kinetics appear. This result suggests that one consequence of peripheral hearing loss may be a compensatory increase in the strength (here, indicated by total charge due to the longer time course) of inhibitory transmission. It is not clear, however, why this change occurs, nor why it does not persist in the older DBA/2J mice that have experienced continued peripheral hearing loss.
Age-related decline in eIPSCs in bushy cells of CBA/CaJ and DBA/2J mice. Although the sIPSCs appeared to be essentially normal in the oldest group of DBA/2J mice, it is possible that eIPSCs may have changed release probability or size. Therefore, we next studied the eIPSCs in the bushy cells of both CBA/CaJ and DBA/2J mice. For these experiments, a stimulating electrode was placed in the deep layer of the DCN to drive the TBV cells, which provide a purely glycinergic inhibition to the AVCN bushy cells. A knife cut was made between PVCN and DCN to minimize antidromic activation of auditory nerve fibers (Xie and Manis 2013) . Excitatory transmission was blocked with D-APV and CNQX, and cells were voltage-clamped at Ϫ70 mV to increase the amplitude of eIPSCs.
The time course of the eIPSC decay paralleled that of the sIPSCs in each mouse strain. Similar to sIPSCs, the averaged eIPSCs (Fig. 3A) in all bushy cells were best fit with a double exponential function. In CBA/CaJ mice, the weighted decay of eIPSCs did not change with age [ Fig. 3C , Table 1 ; one-way ANOVA: F (2,40) ϭ 1.51, P ϭ 0.233]. There was also no change in the eIPSC slow decay , or the normalized fast or slow decay amplitudes (Table 1 ; one-way ANOVA: P Ͼ 0.05 for all comparisons). However, a significant age-dependent difference in the fast decay was detected [ Table 1 ; one-way ANOVA: F (2,40) ϭ 4.09, P ϭ 0.024; Tukey posttest showed P Ͻ 0.05 between P10 -15 and P20 -35 age groups of CBA/CaJ mice, while P Ͼ 0.05 between P10 -15 and 6 -7 mo, as well as between P20 -35 and 6-to 7-mo groups]. In DBA/2J mice, the weighted decay of eIPSCs were significantly different among the three age groups, with the slowest decay again occurring at P20 -35 [ Fig. 3C ; Table 1 ; one-way ANOVA: F (2,34) ϭ 3.90, P ϭ 0.030; Tukey posttest showed P Ͻ 0.05 between P20 -35 group and 6-to 7-mo group, while P Ͼ 0.05 between P10 -15 and P20 -35, or between P10 -15 and 6 -7 mo]. The fast and slow decay of the eIPSCs were significantly different among all three DBA/2J age groups (Table 1 ; Kruskal-Wallis test: P Ͻ 0.01 for fast decay and P Ͻ 0.05 for slow decay components; Dunn's posttest showed P Ͻ 0.01 for fast decay between P20 -35 group and 6-to 7-mo group and P Ͻ 0.05 for slow decay between P20 -35 and 6 -7 mo, while P Ͼ 0.05 for all other comparisons). The normalized amplitude of the fast and slow decay components were also significantly different and showed an age-dependent switch. The amplitude of the fast was smaller (and that of the slow correspondingly larger) in the oldest DBA/2J mice (Table 1 ; Kruskal-Wallis test: P Ͻ 0.05 for both fast and slow amplitudes; Dunn's posttest showed P Ͻ 0.05 for both normalized fast and slow decay amplitude between P10 -15 and 6-to 7-mo groups; and P Ͼ 0.05 for all other comparisons).
We next compared the between the two mouse strains. Two-way ANOVA revealed a significant effect of strain [F (1,74) ϭ 26.0, P Ͻ 0.001] on eIPSC-weighted decay (Fig.  3C) , with slower eIPSC decay in DBA/2J mice. The effect of age was not quite significant [F (2,74) ϭ 2.73, P ϭ 0.071], but there was a significant interaction between strain and age [F (2,74) ϭ 4.40, P ϭ 0.016]. In particular, DBA/2J mice showed significantly slower eIPSC decay than CBA/CaJ mice at age group P20 -35 (Bonferroni-corrected posttest: P Ͻ 0.001), but not at age of P10 -15 or 6 -7 mo (Bonferronicorrected posttest: P Ͼ 0.05). The pattern of changes in eIPSC kinetics mimics those of sIPSCs in both strains (compare Fig.  3C with Fig. 2C) .
The average amplitude of eIPSCs decreased with age in both CBA/CaJ and DBA/2J mice (Fig. 3D) . DCN eIPSCs had the largest peak amplitudes in bushy cells at P10 -15 and declined thereafter (Table 1 ; one-way ANOVA: P Ͻ 0.05 in CBA/CaJ mice and P Ͻ 0.01 in DBA/2J mice; posttests: P Ͻ 0.05 between P10 -15 and 6 -7 mo in CBA/CaJ mice, and P Ͻ 0.01 between P10 -15 and 6 -7 mo in DBA/2J mice). A two-way ANOVA comparing both strains revealed a significant effect of age [F (2,74) ϭ 10.3, P Ͻ 0.001] on average eIPSC amplitude. The effect of strain was also significant [F (1,74) ϭ 4.61, P ϭ 0.035], reflecting the smaller eIPSC peak amplitudes in CBA/ CaJ mice before 6 -7 mo of age (Fig. 3D ). There was no interaction between strain and age [F (2,74) ϭ 1.20, P ϭ 0.31]. The results suggest that, regardless of the peripheral hearing status, the strength of inhibition onto bushy cells declines with age in both CBA/CaJ and DBA/2J mice.
The decline in amplitude could be attributed to a decrease in quantal size, quantal content, or release probability. The results Table 1 and text for values and detailed statistics. so far suggest that, since quantal size does not decrease with age (Fig. 2G) , either quantal content or the release probability decreases. We therefore next estimated the quantal content of the glycinergic synapses onto bushy cells, using both the amplitude method and the method of failures (see MATERIALS AND METHODS). Quantal content estimated with these two different methods compared within cells agreed reasonably well with each other (Fig. 4A) . Since the method of failures cannot be used when there are few or no failures observed, we used the amplitude method in the following analysis. As shown in Fig. 4B , the quantal content was highest, at about 6, in both CBA/CaJ and DBA/2J mice at P10 -15, and decreased to about 2 by 6 -7 mo (Table 1 ; one-way ANOVA: P Ͻ 0.05 in CBA/CaJ mice and P Ͻ 0.01 in DBA/2J mice; posttests: P Ͻ 0.05 between P10 -15 and 6 -7 mo in CBA/CaJ mice; P Ͻ 0.01 between P10 -15 and P20 -35, as well as between P10 -15 and 6 -7 mo in DBA/2J mice). A two-way ANOVA comparing both mouse strains showed a significant effect of age [F (2,74) ϭ 9.57, P Ͻ 0.001] on quantal content. There was no significant effect of strain [F (1,74) ϭ 0.390, P ϭ 0.535], or interaction between strain and age [F (2,74) ϭ 0.486, P ϭ 0.617]. These results suggest that the decreased strength of inhibition onto bushy cells during aging is associated with reduced quantal content in response to presynaptic action potentials at the terminals. This could result from a reduction in the number of functional terminals, or a decrease in release probability, with or without a reduction in terminal number. Therefore, we next measured the paired-pulse ratio (PPR) of the eIPSCs at 50 ms interpulse interval to test whether the decline in eIPSC amplitude is also associated with changes in release probability. As shown in Fig. 4C , we found no change in PPR among the different age groups or between the two mouse strains {Table 1; one-way ANOVA: P Ͼ 0.05 in both CBA/CaJ and DBA/2J mice groups; two-way ANOVA between two mouse strains: no significant effect of strain [F (1,74) ϭ 0.174, P ϭ 0.678], age [F (2,74) ϭ 1.06, P ϭ 0.353], or interaction between strain and age [F (2,74) ϭ 1.36, P ϭ 0.265]}. Although PPR is an indirect measure of release probability, our results are consistent with the hypothesis that an age-dependent decrease in the release probability is not the primary cause of the decreased eIPSCs, but rather that the quantal content is decreasing.
If the quantal content is decreasing, we should see an increased number of failures to evoke IPSCs, and this would be associated with a high CV. There was no significant difference in the CV of sIPSCs among CBA/CaJ or DBA/2J mice as a function of age {Fig. 4D and Table 1 ; one-way ANOVA: P Ͼ Table 1 for details in statistics. *Dunn's posttest after Kruskal-Wallis test: P Ͻ 0.05; **Tukey posttest after one-way ANOVA: P Ͻ 0.01. C: the paired-pulse ratio (PPR) at a 50-ms interval did not change with age in either mouse strain, suggesting that release probability does not change with age. Inset: example trace of PPR at 50-ms interval. Arrow: stimulus onset; stimulus artifacts are removed for clarity. D: coefficient of variation (CV) of sIPSC peak amplitude does not change with age in both CBA/CaJ and DBA/2J mice. E: CV of eIPSC peak amplitude increases with age in both CBA/CaJ and DBA/2J mice. **Tukey posttest after one-way ANOVA: P Ͻ 0.01. F: eIPSC failure rate increases with age in both CBA/CaJ and DBA/2J mice. Inset: example evoked IPSCs in a bushy cell from a 7-mo-old DBA/2J mouse. Notice that the responses are all or none, and the trials with failures of release (gray) can be easily separated from trials with successful release (blue). **Dunn's posttest after Kruskal-Wallis test: P Ͻ 0.01. See Table 1 Fig. 4E , the CV of the eIPSCs significantly increased with age in CBA/CaJ mice [ Table 1 ; one-way ANOVA: F (2,40) ϭ 9.33, P ϭ 0.0005; Tukey posttest: P Ͻ 0.01 between P10 -15 and P20 -35 as well as between P10 -15 and 6 -7 mo in CBA/CaJ mice]. There was also a trend toward an increased CV with age in the DBA/2J mice (Table  1 ; Kruskal-Wallis test: P ϭ 0.078). Two-way ANOVA comparing both CBA/CaJ and DBA/2J mice revealed a significant effect of age [F (2,74) ϭ 8.87, P Ͻ 0.001], but no effect of strain [F (1,74) ϭ 0.458, P ϭ 0.501] or interaction between age and strain [F (2,74) ϭ 1.12, P ϭ 0.331]. These results indicate that, while the quantal size remains constant during aging in both CBA/CaJ and DBA/2J mice, the evoked synaptic release becomes more variable with age. We then investigated the failure rate, as an index of quantal content. The failure rate of the eIPSCs increased with age in both CBA/CaJ and DBA/2J mice (Fig. 4F , Table 1 ; Kruskal-Wallis test: P Ͻ 0.001 for CBA/CaJ mice; P Ͻ 0.05 for DBA/2J mice; Dunn's posttest: P Ͻ 0.01 between P10 -15 and P20 -35 as well as between P10 -15 and 6 -7 mo in CBA/CaJ mice; P Ͼ 0.05 for all comparisons among DBA/2J mice). A two-way ANOVA between the strains revealed significant effect of age on eIPSC failure rates [F (2,74) ϭ 7.71, P Ͻ 0.001], but no effect of strain [F (1,74) ϭ 0.278, P ϭ 0.600] or interaction between age and strain [F (2,74) ϭ 0.417, P ϭ 0.661]. Therefore, in addition to decreasing synaptic strength with age, the reliability of the glycinergic synaptic transmission onto bushy cells, as measured by increased variability of eIPSCs and increased failure rates, is reduced in older mice.
eIPSCs become slower during repetitive activity than single eIPSCs. Bushy cells can be driven at high rates at both their excitatory synaptic inputs from the auditory nerve (Taberner and Liberman 2005) , as well as from their inhibitory sources, including TBV cells, which can fire at rates of hundreds of Hertz (Kuo et al. 2012; Rhode 1999) . To assay how inhibitory synapses followed high rates of presynaptic activity as a function of both age and hearing loss, we analyzed the IPSC kinetics during repetitive stimulation of the TBV inputs with 50 pulses at 100 Hz. Only mice in the P20 -25 and 6-to 7-mo age groups were included in the analysis (Figs. 5 and 6) , as IPSC responses of bushy cells in the P10 -15 group were labile and could not follow 100-Hz stimulus trains (Fig. 5C ). The decay of the last IPSC in the train was fit to a doubleexponential function (Fig. 5A) . Compared with the decay of singly eIPSCs in the same cell, the decay of the last eIPSC was much slower (Fig. 5B) . Across a population of cells (Fig.  5D ), the decay of the last eIPSC in the train was 2.0 Ϯ 0.1 times (n ϭ 19) slower than the decay of singly eIPSCs in P20 -35 CBA/CaJ mice (paired t-test: t 18 ϭ 8.33, P Ͻ 0.0001). The was also 2.2 Ϯ 0.4 (n ϭ 6) times slower in 6-to 7-mo CBA/CaJ mice (paired t-test: t 5 ϭ 3.37, P ϭ 0.0199), 1.7 Ϯ 0.1 (n ϭ 10) times slower in P20 -35 DBA/2J mice (paired t-test: t 9 ϭ 5.97, P ϭ 0.0002), and 1.8 Ϯ 0.2 (n ϭ 9) times slower in 6-to 7-mo DBA/2J mice (paired t-test: t 8 ϭ 4.61, P ϭ 0.0017). However, the extent to which the eIPSCs slowed during a train did not differ between age or strain [ Fig. 5D ; one-way ANOVA: F (3,40) ϭ 1.24, P ϭ 0.308].
To gain insight into whether the release probability changes during repetitive activity, we also assessed the short-term synaptic plasticity of the TBV inputs. The eIPSCs showed a slight facilitation during 50 pulse trains at 100 Hz (Fig. 6A) in CBA/CaJ mice, and the facilitation was similar at both P20 -35 and 6 -7 mo (Fig. 6B) . In comparison, eIPSCs in DBA/2J mice at both P20 -35 and 6 -7 mo showed an initial facilitation followed by depression after about the 10th stimulus. To quantify the steady-state facilitation or depression, we calculated the eIPSC amplitude by averaging the eIPSCs during the last 40 stimuli and normalized this to the first eIPSC. In CBA/CaJ mice, the normalized steady-state IPSC size was 1.03 Ϯ 0.12 (n ϭ 12) at P20 -35 and was 1.17 Ϯ 0.21 (n ϭ 6) at 6 -7 mo ( Fig. 6C ; unpaired t-test: t 16 ϭ 0.58, P ϭ 0.57). In comparison, the normalized steady-state eIPSC size was 0.60 Ϯ 0.11 (n ϭ 10) and 0.69 Ϯ 0.04 (n ϭ 9) in DBA/2J mice, respectively (unpaired t-test: t 17 ϭ 0.74, P ϭ 0.47). A two-way ANOVA comparing the two strains revealed a significant effect of strain on the normalized steady-state size of the eIPSC strain [F (1,33) ϭ 12.59, P ϭ 0.0011; Bonferroni-corrected posttests: P Ͻ 0.05 between CBA/CaJ and DBA/2J at P20 -35, as well as between CBA/CaJ and DBA/2J at 6 -7 mo]. There was no significant effect of age [F (1,33) ϭ 0.74, P ϭ 0.40] and no interaction between age and strain [F (1,33) ϭ 0.027, P ϭ 0.87]. These results suggest that the short-term synaptic plasticity of the glycinergic synapse onto bushy cells does not change with age after hearing onset in either CBA/CaJ and DBA/2J mice. However, there is a difference between the strains, in that DBA/2J mice have impaired release during repetitive activity at high rates. While glycine receptor desensitization (Harty and Manis 1998) could potentially play a role in the decline of the IPSC responses in DBA/2J mice, it seems to be unlikely in the CBA/CaJ mice as there is little decline in the IPSC size through the trains (Fig. 6B) . The influence of inhibitory transmission onto postsynaptic cells depends in part on the total charge transfer associated with the inhibitory conductance. The charge is determined both by the kinetics of eIPSCs and by short-term synaptic plasticity during repetitive activity. For example, the enhanced inhibitory transmission due to slower eIPSCs in DBA/2J mice at P20 -35 could be offset by an increased short-term depression during eIPSC trains. Therefore, we calculated the total charge transfer of the last 40 eIPSCs during the 100-Hz train to quantify the influence of steady-state inhibition in both CBA/CaJ and DBA/2J mice. As shown in Fig. 6D , the steady-state charge transfer was 155 Ϯ 29 pC (n ϭ 12) in P20 -35 and 197 Ϯ 34 pC (n ϭ 6) in 6-to 7-mo group of the CBA/CaJ mice (unpaired t-test: t 16 ϭ 0.86, P ϭ 0.40); and it was 321 Ϯ 40 pC (n ϭ 10) in P20 -35 group and 166 Ϯ 35 (n ϭ 9) in 6-to 7-mo group of the DBA/2J mice (unpaired t-test: t 17 ϭ 2.93, P ϭ 0.0104). A two-way ANOVA analysis did not show any significant effect of either strain [F (1,33) ϭ 3.55, P ϭ 0.069] or age [F (1,33) ϭ 2.54, P ϭ 0.12], but revealed a significant interaction between strain and age [F (1,33) ϭ 7.57, P ϭ 0.0098]. Specifically, a Bonferroni-corrected posttest showed a significant difference between CBA/CaJ and DBA/2J mice at P20 -35 (P Ͻ 0.01). Even though the eIPSCs become depressed during the train in P20 -35 DBA/2J mice, the slow decay of the eIPSC (Fig. 3 ) results in a significantly higher total charge transfer than in comparably-aged CBA/CaJ mice or older DBA/2J mice. This indicates that glycinergic transmission is stronger in DBA/2J mice at P20 -35. Previous experiments showed that auditory nerve evoked EPSCs (eEPSCs) in bushy cells of the DBA/2J mice are comparable to those in normal hearing CBA/CaJ mice at this age range (3-4 wk) (Wang and Manis 2005) . The comparison of these results strongly suggests that the relative strength of excitation and inhibition is disrupted immediately following the onset of AHL in DBA/2J mice.
DISCUSSION
AHL is complicated by interactions between mechanisms affected by aging in general as well as by the consequences of hearing loss. These two processes are often difficult to disentangle when studying the effects of AHL in the central auditory system. In the present study, we found that CBA/CaJ mice, with "normal hearing", and DBA/2J mice with early onset AHL shared changes in inhibitory synaptic transmission that are most likely intrinsic to aging, and distinct changes that may be associated with hearing loss in the DBA/2J mice. In both strains, the eIPSC amplitude decreased from P16 to 6 -7 mo of age, independent of peripheral hearing status. Quantal analysis suggests that decreased quantal content, rather than quantal size, is responsible for the age-related decrease. Surprisingly, the kinetics of individual sIPSCs and eIPSCs were markedly different in DBA/2J mice shortly after the onset of their high-frequency hearing loss at P20 -35. Taken together, these changes in the glycinergic synaptic transmission suggest that inhibitory synaptic transmission in the CN decreases with age, and that additional changes can appear with hearing loss. Age-related decreases in inhibition in the CN. The decrease in glycinergic eIPSC amplitude with age in both CBA/CaJ and DBA/2J mice is consistent with prior observations that inhibition in the auditory pathways generally becomes weaker with age (Burianova et al. 2009; Caspary et al. 2008 ). This could occur through a reduction in the number of inhibitory synapses. However, Helfert et al. (2003) did not observe age-related changes in the density (number) of anatomically defined inhibitory synaptic terminals in the VCN of aged Fischer 344 rats, and our results are consistent with these observations. If we assume that the frequency of sIPSCs is proportional to the number of functional synaptic sites on a cell, our results suggest that there is no change in the number of presynaptic terminals on a postsynaptic cell with age. Furthermore, we did not see changes in sIPSC amplitude with age, so it is likely that both quantal size and the number of postsynaptic glycine receptors are stable over time. These latter observations are also consistent with the lack of an age-dependent decrease in glycine receptor (strychnine binding) in the AVCN of CBA/ CaJ mice and C57BL/6J mice (Willott et al. 1997) . A reduction in strychnine binding was reported in 26-mo-old Fischer 344 rats (Milbrandt and Caspary 1995) , although this is significantly older than the oldest mice we studied.
There are two hypotheses that could explain our results. First, a subset of synaptic terminals from a single cell might become unable to support action potential initiated transmitter release with increasing age. The evidence for lower evoked quantal content and the apparent absence of a reduction of the number of synapses supports this idea. To be consistent with our observations, including the lack of an effect on resting release probability as assessed by the PPR, such an effect would have to occur in an all-or-none fashion for each synaptic terminal. Potential mechanisms are that the ability of the presynaptic action potential to invade specific terminal branches (Debanne 2004 ) decreases with age, perhaps due to changes in axonal excitability (Hinman et al. 2006) , or that there exists a presynaptic silencing of the release mechanism in individual synapses (Charpier et al. 1995 ) that might result from reduced overall activity levels in the presynaptic neurons with age. Scenarios in which either of these mechanisms occurs probabilistically across all synapses arising from a single axon could also account for our observations. A second hypothesis is that pruning of the TBV inhibitory synaptic terminals does occur, possibly as an extension of the well-documented examples of developmental pruning of inhibitory synapses in the olivary complex (Kandler and Gillespie 2005) , of GABAergic synapses in neocortex (De Felipe et al. 1997; Wu et al. 2012 ), or the activity-dependent refinement of inhibitory synaptic connections in adult visual cortex (van Versendaal et al. 2012) . However, to be consistent with other observations (Helfert et al. 2003) , there would need to be a compensatory increase in the number of terminals of non-TBV origin. These two hypotheses could be differentiated by examining the number of terminals of individual turberculoventral neurons onto bushy cells as a function of age.
Hearing loss-related changes in inhibition. Inhibitory transmission has been well documented to respond to the decreases in activity that follow hearing loss (Pradhan and Ahn 2011; Sanes and Kotak 2011; Takesian et al. 2012; Wang et al. 2011) . Such changes can occur at presynaptic sites, including a decreased concentration of presynaptic glycine (Asako et al. 2005) , or changes in the refinement of inhibitory synaptic terminals (Kapfer et al. 2002) . They can also involve postsynaptic changes in neurotransmitter receptors (Potashner et al. 2000; Suneja et al. 1998; Xu et al. 2010) . While it is possible that the kinetic changes in IPSCs in P20 -35 DBA/2J mice were driven by the peripheral hearing loss, there is no easy way to directly test this idea. However, similar observations have been made in other mouse models of genetic hearing loss. Glycinergic IPSC kinetics were reported to be slower in the cells of the medial nucleus of the trapezoid body in congenitally deaf dn/dn mice (at age of P12-14, Leao et al. 2004 ) and in the lateral superior olive cells in the deaf Vglut3 Ϫ/Ϫ mice (at age of P1-2, Noh et al. 2010) . In both of these cases, the neurons never experienced normal hearing (they were deaf from birth), while the change in IPSC kinetics in DBA/2J mice occurred after a period of nearly normal hearing and development. These results suggest that hearing loss may lead to changes in expression favoring receptor populations with slower kinetics.
Interestingly, in normal-hearing animals, glycinergic inhibition onto bushy cells is established and essentially adult-like in terms of kinetics by about P10 (Milenkovic et al. 2007 , also see Fig. 2C for the IPSC kinetics in CBA/CaJ mice), so the change in kinetics is not simply a reversion to an earlier developmental expression pattern. The mechanism underlying the kinetic changes in DBA/2J mice is likely to be postsynaptic, since both sIPSCs and eIPSCs were slower. Nonstationary mean-variance analysis of sIPSCs is consistent with the expression of ␣ 2 -containing glycine receptors by bushy cells in juvenile and young adult mice (Xie and Manis 2013) . It is possible that hearing loss causes an upregulation of a different subunit, such as the ␣ 4 -subunit containing receptors. These receptors have much slower IPSC kinetics (Wassle et al. 2009 ) and are expressed in the CN of adult mice (Lein et al. 2007 ). Another possibility is that ␣ 2 -homomeric receptors are substituted for ␣ 2 /␤-heteromeric receptors in DBA/2J mice. In contrast to synaptic ␣ 2 /␤-heteromeric glycine receptors (Haverkamp et al. 2004; Wassle et al. 2009 ), homomeric ␣ 2 -receptors tend to be extrasynaptically localized and will respond to spillover of glycine from the synapse, resulting in IPSCs with slower kinetics (Mangin et al. 2003) . This scenario could also explain the further slowing of the eIPSCs during high-frequency stimulus trains (Fig. 5) , since the trains presumably increase the concentration of transmitter in the extrasynaptic space. However, it is less clear how spillover would explain the change in the time course of isolated sIPSCs. Other mechanisms that can regulate the kinetics of glycinergic IPSCs may be also involved, including phosphorylation or dephosphorylation of receptors (Gentet and Clements 2002) , or changes in the internal concentration of chloride in the postsynaptic cell (Pitt et al. 2008) . Whether or how these mechanisms contribute to changes in glycinergic inhibition in DBA/2J mice remains unknown. The mechanism by which the IPSC time course becomes shorter again in the DBA/2J mice at 6 -7 mo is also not obvious, since at this age there is severe hearing loss at all frequencies (Fig. 1) .
Functional considerations. It has been proposed that an imbalance between excitatory and inhibitory synaptic drive can contribute to abnormal neural processing (Kehrer et al. 2008; Yizhar et al. 2011) . In AHL, inhibition has often been reported to be weakened (Caspary et al. 2005 (Caspary et al. , 2008 Frisina and Walton 2006) , which could suggest an excitatory-inhibitory imbalance. However, interpretation of balance based on sIPSC/sEPSC or eIPSC/eEPSC measurements is complicated by a lack of knowledge about the patterns of activity in presynaptic neurons. In a previous study (Wang and Manis 2005) , we showed that at similar ages, the excitatory transmission onto bushy cells of the CBA/CaJ and DBA/2J mice was essentially normal. Based solely on the relative synaptic strength, we can suggest that there is the potential for an age-related imbalance, favoring inhibition, which occurs in the DBA/2J mice at P20 -35. On the other hand, we also observed an age-related decrease in inhibitory transmission, associated with a decreased quantal content, in both DBA/2J and CBA/CaJ mice at 6 -7 mo of age. In the CBA/CaJ mice, whose auditory thresholds remain relatively constant across the ages studied, this observation would suggest that there is an imbalance in favor of excitation with age, assuming that there is not an age-dependent decline in the afferent firing rates onto the endbulb synapses. Since the glycinergic inhibition onto bushy cells plays an important role in enhancing the temporal coding (Xie and Manis 2013) , it could be predicted that an age-related decrease in functional glycinergic transmission in the CN could significantly influence the ability to perform complex tasks, such as pitch detection and speech recognition in noisy environments (Lorenzi et al. 2006) .
